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NOTICE

This report was prepared as an account of Government sponsored
work. Neither the United States, nor the National Aeronautics

and Space Administration (NASA), nor any person acting on behalf
of NASA:

A.) Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness, or
usefulness of the information contained in this report,
or that the use of any information, apparatus, method,
or process disclosed in this report may not infringe
privately owned rights; or

B.) Assumes any liabilities with respect to the use of, or
for damages resulting from the use of any information,
apparatus, method or process disclosed in this report.

As used above, ''person acting on behalf of NASA" includes any

employee or contractor of NASA, or employee of such contractor,

to the ‘extent that such employee or contractor of NASA, or

employee of such contractor prepares, disseminates, or provides ‘

access to, any information pursuant to his employment or contract
with NASA, or his employment with such contractor.
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DEVELOPMENT OF HIGH-TEMPERATURE CHROMIUM ALLOYS
by J. W. Clark and C. S. Wukusick

General Electric Company

SUMMARY /‘/66’1{3”

Chromium alloys which represent several separate approaches are being pre-
pared by induction melting of moderate sized heats and by arc melting of small
buttons and drop castings. Gross oxygen contamination which occurred in the
first group of induction-melted alloys has been corrected by revisions in the
consolidation technique, and alloys with total gaseous impurity levels below
150 ppm are currently being produced by induction melting.

Cold workability was demonstrated in chill cast alloys in the Cr-Re-Co
and Cr-Ru-Co systems at Re and Ru levels as low as 11 and 8.5 atomic percent,
respectively. Dilute alloys of Cr-Y with dispersions of ZrC and HfC exhibited
bend ductility at or below room temperature and retained ductile-brittle trans-
ition temperatures of 200° to 400°F after 100-hour air oxidation at 2100°F.
Initial results indicated that additions of La and Pr are even more effective
than Y in preventing nitridation during air exposure, particularly at 2400°F,

Al

This is the first semi-annual report of work performed on a 24-month
chromium alloy development program, which is being conducted jointly by the
Materials Development Laboratory and the Nuclear Materials and Propulsion Oper-
ation of General Electric. The over-all objective of the program is to identify
chromium-base alloys for application in critical parts in high performance air-
breathing engines. The desired properties of the resultant alloys, namely:

INTRODUCTION

1, Stress-rupture strength of 15,000 psi at 2100°F/3000 hours (blades),
2. Stress-rupture strength of 4,000 psi at 2400°F/3000 hours (vanes),
3. A notch-impact transition temperature of 80° to 300°F as fabricated;

presently extremely challenging targets. Although it is possible that a Cr
alloy with any one of these properties can be identified, it is not considered
likely that the strength and notch-impact targets can be combined in a single
alloy based on present technology. However, studies over the past several

years indicate that additional advances in Cr are highly probable and should

be pursued. With this in mind, the present program was undertaken with the
objective of extending the useful time/temperature/stress conditions under which
Cr alloys can be applied in advanced air breathing engines through alloying
approaches designed to improve strength, ductility, and nitridation resistance.



Several significant advances have been made in the technology of Cr
alloys over the past several years. The addition of reactive elements such
as yttrium was found to improve the resistance to nitrogen absorption. The
mechanism(s) by which reactive-metal additions improve the resistance to
nitridation have not been completely defined, but the effect has been well
documented and is reproducible. Combinations of Y with other reactive metal
additions such as Th and Hf are more effective than single additions in im-
proving both nitridation resistance and retention of ductility after high-
temperature exposure. An alloy of Cr-Y-Th-Hf, where the total alloy content
was less than 0.5 wt. percent, was resistant to nitridation for 100 hours at
2300°F in thin (0.022 inch) sections. There was no evidence of incipient
melting and the ductile-brittle transition temperature (DBTT) in bending was
about 300°F in the as-oxidized condition.

As a result of the improvement afforded by small amounts of Y, the
Cr-Y system has been used as a base for several alloy development programs.
It has made possible the induction melting process for primary consolidation
and permitted use of Cr of only moderate purity. The resultant alloy purity
was in most cases comparable to that produced by arc melting of high purity
Cr. The melting process consisted of melting hydrogen-reduced electrolytic
flake in a Y30g-stabilized ZrQ; crucible in an inert atmosphere. Y was
added to getter interstitial impurities from the melt and to provide a slight
excess in the alloy for subsequent oxidation-nitridation resistance. The
cost of the Hy-reduced flake is one-fourth to one-third the cost of crystals
produced by the iodide process.

The addition of Groups VII and VIII metals to Cr in some cases results
in a striking improvement in low temperature ductility. The Cr-65 w/o Re
alloy is analogous to W-25Re and Mo-50Re alloys. Recently, Cr-Ru alloys
were found to exhibit excellent ductility in both the recrystallized condition
and after 120-hour oxidation at 2000°F, However, like Re, large amounts
(~ 30%) of Ru are required to provide a high degree of ductility. A further
disadvantage of Ru is a decrease in melting point to about 2900 F for a
Cr-30 Ru alloy compared to a melting point of about 4000°F in Cr-65Re. To
date, the only relatively inexpensive metal which when added to Cr in moder-
ate amounts causes ductility improvements similar to Re, is Co. Single phase
alloys containing 25 to 35% Co prepared by chill casting have exhibited consider-
able plasticity in room temperature rolling experiments.

Since the equilibrium solubility of Co in Cr is only about 10% at 1800°F,
the alloys were supersaturated in the chill-casting process. It is clear
that practical binary Cr-Co alloys will not be developed, since the terminal
solubility drops rapidly with temperature. It is possible, however, that
substitution of Co for part of the Re (or Ru) in ternary Cr base alloys could
result in useful materials.

The Cr-65Re alloy probably represents the best combination of strength
and ductility in a Cr-base alloy available at the present time, Estimates
based on hot hardness data indicate that at 2100°F the ultimate tensile
strength is about 90,000 psi and at 2400°F is about 60,000 psi.




One of the most significant developments in Cr alloy technology has been
the improvements in strength and ductility afforded by carbide dispersions.
Fine carbide dispersions have been shown to result in increased high-temper-
ature strength while simultaneously increasing low-temperature ductility, It
is reasoned that the carbide particles act as sinks for other interstitials,
particularly nitrogen, thereby improving ductility. Stress rupture strengths
of representative alloys -are shown in Figure 1, with unalloyed Cr data in-
cluded for comparison, Tensile properties of several alloys are compared in
Table 1, Based on early data, the lower-C -alloys with Zr or Hf-rich reactive
metal additions were clearly superior to higher~C alloys. The normal structure
of this type of alloy contained ZrC and (Zr, Ti) (C,N) phases of the NaCl type.
Heat treatment at 2000-2250°F dissolved non-equilibrium Cry3Cs present in as-
worked structures, and precipitated dissolved interstitials as (Ti,Zr) (C,N)
and/or ZrN. This removal of interstitials from solution, especially nitrogen,
produced excellent ductility with DBTT values as low as -50°F. The low DBTT
values could be retained even when the alloy was contaminated by 900-1000 ppm
oxygen + nitrogen, provided that a sufficient reactive metal concentration
was maintained to getter the contaminants,

The combination of solid=-solution and carbide dispersion mechanisms
resulted in further advances in Cr-base alloys. Figure 2 summarizes the stress
rupture properties of several alloys. The addition of W to a carbide strengthen-
ed alloy resulted in significant strength increases. The C-207 alloy repre-
sents the best combination of strength, ductility, and oxidation resistance of
any known Cr-base alloy except perhaps the Cr-65 Re alloy. The C-207 alloy
has been prepared as 100-pound induction melted heats and its properties have

been extensively investigated. It also has been successfully forged into
turbine blades, Figure 3 shows tensile data from the heat employed in forging.

Utilizing the above background as a starting point, the present program
was undertaken to further develop the potential of Cr-base alloys for use in
advanced air-breathing engines.

PROGRAM ORGANIZATION

The experimental program is divided into Task I and Task II, Task I,
which comprises the first 15 months of the program,consists of evaluation of
some 60 to 65 alloys to be melted from charges of four pounds each. Also
included in Task I are several groups of alloys prepared as buttons of 50
to 100 grams, Several of the four-pound heats in the later phases of Task 1
will be selected from the button alloys after evaluation of the latter for
specific properties,

Upon completion of Task I, the five alloys with the most useful com-
bination of strength, ductility, and oxidation resistance will be selected
for preparation as approximately l4-pound heats. These alloys will be
evaluated in much greater detail than in Task I. Since Task II alloy selection
is in the future, the remainder of this report is concerned only with Task I,



ALLOY DESIGN

In order to provide improvements in strength, ductility and oxidation-
nitridation resistance, five broad classes of alloys are included in the
study. These five types of alloy systems, with examples of the additions
being made, are:

Nitridation inhibitors (Y, Th, Hf)

Solid-solution strengtheners (Mo, W, V)

Solid-solution ductilizers (Re, Ru, Co)

Dispersion strengtheners (carbides, borides, intermetallics)
Complex combinations of above.

Gk W+

In several instances, sufficient data are available from prior work to
specify compositions which merit full evaluation in Task I. In other cases,
this prior work has identified potentially fruitful alloying approaches, but
has not proceeded to the point that exact compositions can be recommended
with confidence. In the latter instances, it was considered more efficient
to first conduct surveys of such alloy systems using heats of smaller size
and confining the evaluation to the most critical characteristic(s) affected
by the variable under study. This approach was adopted for this program, and
four separate phases of alloy design are being undertaken in Task I:

First series of induction-melted heats (3-4 pounds).
Small heats for system surveys (50-100 grams).
Series of induction-melted heats based on B.
Optimized compositions based on A through C.

oaQw»

Two somewhat arbitrary "standards’ are employed in the initial phases
of Task I. Briefly, the intent is to evaluate several alloying approaches
using additions to or departures from the standard alloys. This standard
could have been selected as unalloyed Cr or perhaps Cr-Y. Results from
either of these would probably yield the same relative rating of the effective-
ness of the further additions. The results would not, however, be likely to
approach those required for the time/temperature/stress regime of interest
here.

The standard solution-strengthened matrix, in atomic percent, is:
Cr-4Mo-.1Y (Cr-7.1Mo-~.17Y in weight percent)

One of the basic guidelines in alloy design for high-temperature strength
is, of course, the melting point, and the interrelated aspects of atomic mo-
bility and attendant effects on creep. Although other factors such as differ-
ences in atomic size and elastic constants are also important, the melting
characteristics assume added significance as the time/temperature conditions
for stressed service are increased. A review of the effects of Re and other
solutes with greater than six orbital electrons was presented in the pre-°
ceding section. Of the remaining elements with melting points above 3000 F,
only W, Mo, and V have extended solubility in Cr. The effects of these solutes
on the high-temperature tensile strength of Cr alloys are compared on the follow-
ing page for concentrations of 3 to 6 atomic percent:




Average Increase in Tensile Strength (psi/atom %)

Solute 2000°F 2200°F
v 900 -
Mo 5700 4000
w 9900 8100

As might be expected, W has a considerably higher strengthening effect
at these temperatures on an atomic basis. When the increase in strength per
weight percent solute is considered, W and Mo are essentially equivalent at
2000°F and W is superior at the higher temperature. However, prior experience
in these laboratories indicates that W additions are limited to about 4 atom
percent by the solid-state miscibility gap in the Cr-W system. More highly
alloyed compositions reject a W-rich solid solution upon aging at temperatures
below 1800°F and attempts to work such alloys have not been successful. Alloys
with somewhat higher atomic concentrations of Mo have been reduced from ingot
to bar stock and their strengths follow the trends shown in the tabulation
above. Therefore, Mo alloys have been emphasized in preference to W in the
initial phases of Task I. The Cr-4Mo-.1Y alloy selected as the standard matrix
will provide an increase of some 20,000 psi in the 2000°F tensile strength
over that of Cr or Cr-Y, yet should permit processing without undue difficulty.

The standard reactive-metal/carbon alloy, in atomic percent, is:
Cr-.05Y-.4Zr-.2Ti-. 4C
(Cr-.085Y~,7Zr~.2Ti~-.09C in weight percent)

The use of a Zr-rich combination of Zr and Ti as the carbide-stabilizing
addition represents the approach which has yielded the best balance of criti-
cal properties in our prior work., Although it is beyond the scope of this
report to discuss the prior data in detail, a short review of conclusions is
in order. Both Zr and Hf additions to Cr-Y-C alloys result in the formation
of massive carbide particles. Although these large particles provide relative-
ly little dispersion strengthening, the air oxidation behavior and resistance
to embrittlement of such alloys is superior. Additions of Ta, Cb, and Ti
result in precipitation of fine, uniformly dispersed monocarbides with attractive
thermal stability. The strengths of these types of alloys are considerably
higher than those which form the coarse carbides, but they are severely em-
brittled by air oxidation. Alloys with carbides based on a combination of
Zr and Ti have structural, strength, and oxidation characteristics which are
intermediate between the two groups described above and the thermal stability
appears to be superior to either type, with little growth of the carbides
observed upon 1000-hour exposure at 2000°F. This type of carbide is used as
the standard in Phases A and B of Task I. Volume fractions of the dispersed
phase, reactive-metal to interstitial ratios, and compositions of the com-
pound-stabilizing elements have been varied with this standard as the basis for
comparison. A limited evaluation of borides is also being performed.



Finally, the desired level of retained yttrium is dependent on the
type of alloy under consideration. Binary alloys with residual Y levels
of 0.3% and higher are quite easy to work and have good oxidation resistance.
Additions of substitutionally soluble elements do not appear to reduce the
tolerance for Y, particularly in the case of non-reactive solutes. Carbide-
strengthened alloys, on the other hand, are hot-short and suffer intermedi-
ate~temperature nitridation and consequent embrittlement at Y contents above
0.2% and most considerations indicate that the optimum level may be more
nearly 0.1%. Microprobe scans of such alloys in the latter range and emission
analyses of extracted phases show a lower solubility of Y and/or a tendency
to segregate to the carbides. For these reasons, an intended Y level of
.17% (.1 atom %) is used as a standard in the Phase A alloys which do not
contain soluble second phases such as carbides, and a lower level of .085% Y
{.05 atom %) has been established as the standard in the dispersion-strengthened
alloys.

The compesiftions of the alloys selected for evaluation in Phase A are
listed in Table 2. Solute concentrations are shown here in atomic percent
to more clearly indicate the rather dilute nature of most of the alloys in
this initial phase. It was not considered necessary to investigate concentra-
tions of the major solutes employed here at levels below 4 8/0 since the
strengthening at such levels would be inadequate in terms of the targets set
for this work. With the exception of V, which has a relatively mild effect
on hardness and strength, and of Re, which is known to promote excellent
mechanical properties at about 35 2/0, it was felt to be inadvisable to in-
clude solution-strengthening additions above 8 /0 in this phase because of
difficulties in working even more dilute alloys in prior studies,.

Several other tvpes of Cr alloys have been shown to offer promise of
improvements in one or more of the critical properties alloys. Insufficient
data are presently available to justify the specification of exact compositions
for full property screening. Consequently, these approaches are being evalu-
ated in the concurrent Phase B by surveys over broader ranges of solute con-
centration in small button heats from the pertinent alloy systems. A summary
of the systems included in Phase B is shown in Table 3.

OUTLINE OF EVALUATION PROCEDURES

As described above, 40 compositions which represent five general types
of alloys have been selected for screening in Phase A. Consolidation of
these alloys has been performed primarily by induction melting of Hz-reduced
chromium and casting as 2 1/8" diameter ingots. The ingots are processed by
extrusion of Mo-canned billets followed by swaging to 1/4" to 3/8" diameter.
Wrought bar stock from one representative alloy from each of the five types
is subjected to:

1. A complete chemical analysis from three locations in the original
inget to document homogeneity.




2, A microstructural study of heat treatment response in the range 1400°F
to values in excess of the solvus temperature of dispersed phases,

3. Low-temperature tensile tests in the three most attractive thermal con-
ditions to determine the ductile-brittle transition temperature.

Heat treatment of the remaining alloys in Phase A is based on the above
results. All the following are determined on all Phase A alloys:

1, Analysis of wrought bar stock for interstitials and yttrium to in-
sure the combined Oy plus N content does not exceed 300 ppm total
and that the retained Y level is in the intended range.

2., The ductile-brittle transition temperature in tension,

3. Elevgted-temperature tensile strength in vacuum (in the range 1900° -
2400 F) in one wrought and one fully recrystallized condition.

4, Air oxidation behavior in the range 1500°-2400°F.
5. Metallographic evaluation of the above specimens.

In Phase B, several different alloying approaches are being studied in
terms of specific effects on phase relationships, workability and low-temper-
ature ductility, and resistance to nitrogen embrittlement. Consolidation of
these compositions is by arc melting of small buttons or drop castings, and
critical alloy interactions in each series are being investigated by selective
microstructural analyses, oxidation, forging and rolling trials, and bend
testing,

Results from Phases A and B will be used as the basis for design of more
nearly optimized alloys in later phases of Task I. Approximately 20 compositions
will be prepared and evaluated as in Phase A. In addition to the tests described
above, 10G-iivur creep-rupture strengths will be determined at 2100° and 2400°F
for those alloys which exhibit the best combination of other critical properties.

EXPERIMENTAL RESULTS - PHASE A

Initial Consolidation

Analyses of the raw materials used in the preparation of the Phase A alloys
are shown in Table 4. In alloys of the types which receive major emphasis in
this program, prior work has shown that the use of higher-purity grades of chrom-
ium offers no advantage in mechanical properties over the hydrogen-purified
electrolytic flake employed here,



Four-pound alloy charges were used throughout the induction melting work
described below. Total yttrium concentrations of 0.4 to 0,7% were employed,
depending on the desired residual level. In each case the chromium, non-
reactive solutes such as molybdenum or tungsten, and 0.3% yttrium were blended
and cold pressed into cylindrical briquettes. The remainder of the yttrium
and all reactive solutes, such as Group IV A and V A metals and carbon, were

placed in a charging tray in the furnace for addition to the melt later in
the cycle.

All alloys in the initial portion of the program were melted in a 50 KW
Stokes vacuum induction furnace, which can accomodate heat sizes up to about
50 pounds. A YgOg-stabilized ZrOy crucible was packed inside the induction
coil with coarse ZrOg grit serving to insulate the crucible from the coil
assembly. The crucible, which was used for only one melt and then replaced,
was sealed to the assembly and a ZrO; pouring spout was attached to the lip
by a paste made from fine Zr0O, powder. After loading the briquetted charge
into the crucible, the furnace was evacuated to a pressure of about 1072 torr.
At this point, which was scheduled for mid-afternoon, a power input of 1.5 i
0.5 KW was applied to the induction coil with the intention of facilitating
more complete removal of water vapor and other adsorbed gases. The temperature
of the charge reached 1200° -1400°F and was held in this range for approxi-
mately one hour. After this intermediate-temperature outgassing treatment,
the power to the coil was shut off and the vacuum system continued to operate
over night,.

Pressure in the furnace chamber was reduced to at least 10°* torr by the
practice described above with leak rates, measured just before applying power
to the coil, of 6 * 2 x 10°° torr per minute. Initial heating was performed
under vacuum, until the charge temperature reached 2000°F. Purified argon was
then admitted to the chamber to a partial pressure of 650-700mm, and the remain-
der of the melting cycle was conducted in this inert atmosphere in order to
reduce vaporization of the chromium. The power was increased to 15-18 KW until
the charge was completely molten, which required 8-10 minutes from the time
the argon was introduced. Power input was then reduced to 10-12 KW, resulting
in a stable superheat of 100°-150°. After holding the charge molten for 15
minutes under the static atmosphere of argon, the remainder of the yttrium
and any other reactive solutes in the particular alloy were added from the
charging tray. Each melt was stirred by rapid cycling between power settings
of 12 and 20 KW, held for an additional 4-5 minutes, and cast with power on.

Charges were cast into copper molds fit with 2 1/8" diameter CaO-stabil~
ized ZrOy mold liners. These ceramic liners are necessary to prevent solidi-
fication cracks which occur in all but the most dilute alloys upon casting
directly into copper chill molds. If allowed to freeze in such molds with
no hot-topping practice, very extensive shrinkage occurs in cast
chromium alloys. In order to prevent this severe pipe, each casting was arc
hot-topped by use of a retractable tungsten electrode mounted in the top of
the furnace. At a potential of 25 + 5 volts, an arc current of 500 amps was
employed for 30-45 seconds immediatély after pouring and then was gradually




reduced to about 50 amps before arc extinction. This procedure resulted in
sound, crack-free ingots of 3-4" height with very shallow shrinkage cavities.

As mentioned in a preceding section, chemical analyses of these alloys
were obtained after subsequent surface conditioning and processing to bar
stock. In this manner, analyses of material from the center portions of the
ingots could be obtained without destructive sectioning of the castings prior
to working. In addition to conserving material, this sampling procedure was
adopted in order to prevent possibly misleading results which might arise from
analysis of the extreme top, bottom, or cylindrical surface of the ingot.

Extrusion and Swaging

After grit blasting to remove remnants of the mold liner, each of the
ingots was cropped at least 1/4" below the shallow shrinkage cavity by power
hack saw. All the ingots were encased in molybdenum cans with an OD of 2.06"
prior to extrusion. They were machined from as-cast diameters of 2.2 + .1"
to billet diameters of 1.9 *+ .05", the exact dimensions being governed by
the ID of the molybdenum can., Lids were welded to the cans by the tungsten
arc process in a vacuum-purged chamber back-filled with high purity helium,
then the cans were evacuated and sealed by electron beam welding.

All of the first group of alloys were extruded from 2 1/8" diameter con=
tainers through 3/4" diameter dies. A summary of the extrusion data is pre-
sented in Table 5. Heating was performed in an induction unit under a pro-
tective atmosphere of argon., The canned billets were soaked for 30 minutes
at temperature, then transferred to the container of a 1250 ton hydraulic
press (Lowey Hydropress) with handling times of 10 to 15 seconds. Lubricants
were powdered glass plus a mixture of necroline and graphite., The tool steel
dies were flame sprayed with ZrO; to reduce wash and extend their useful lives.
Solid graphite back-up blocks were inserted behind the billets to reduce the
extent of the extrusion defects in the trailing ends. Inspection of the ex-
truded stock was performed by radiographic and fluorescent penetrant techniques.
Other than minor nose bursts and the typical trailing-end defects, no inter-
nal flaws were detected.

Several dilute alloys, such as Cr-Y-(Th) and similar compositions with
Zr-Ti and Hf-Zr carbides, were included in this first group to be extruded.
Sections of each of these alloys were swaged to 0.25" diameter, using final
working temperatures in the range 1800° to 2200°F. Other alloys in
this group were from solution-strengthened systems which contain from 4 to 8
atomic percent Mo or W. 1In contrast to the satisfactory workability observed
in the dilute alloys, considerable difficulty was experienced in swaging these
more highly alloyed compositions. Moderate to severe cracking occurred during
earlg stages of reduction at all working temperatures in the range 2000° to
2500 F. This behavior was not entirely unexpected at solute levels in the
range of 8 atomic percent Mo or W, but was not anticipated at the concentration

of 4. atomic percent.



Chemical Analyses

Because of the unexpected processing difficulties described above,
analyses of the interstitial and yttrium contents of representative alloys
in this first group were undertaken. Cast samples were obtained in each
case from the lower side of the slice taken from the top of the ingot
prior to canning. Results are shown in Table 6.

Each alloy is highly contaminated by oxygen and essentially all of the
yttrium has been lost during melting. The alloys which contain carbon and
reactive metals from Group IV A have considerably lower oxygen levels but
they are still far above the acceptable limit.

Revised MeltiqgﬁPractice

As a result of the gross oxygen contamination, the entire melting se-
quence employed in this work was re-examined and compared to earlier practice
in which satisfactory purity levels were obtained. A large number of chrom-
ium alloys have been induction melted and cast in these laboratories, using
similar techniques, as heats ranging in size from 10 to 100 pounds. Inter-
stitial impurity levels in these earlier alloys were well below the limit of
300 ppm total which was specified for the present program. For example, the
average oxygen and nitrogen contents of 15 heats of C-~207 and directly re-
lated compositions were respectively 83 and 54 ppm.

In the present series of alloys the gas contents of the starting mater-
ials, ultimate vacuua and leak rates in the melting chamber, and purity of
the inert gas introduced during melting were each equal or superior to those
in prior work. Crucibles and mold liners were also of the same type employed
successfully in the earlier heats. Although these factors did not appear to
be involved in the drastic contamination experienced in melting the Phase A
alloys, they were not ignored in the sequence of revised melts which were
made to identify and correct the source(s) of oxygen pick-up.

Duplicate re-analysis of the gas contents of the present lots of chrom-
ium and yttrium,which are the only two elements common to each of the contam-
inated heats, gave the following results:

Material Gas Content (ppm)

9 N H

Chromium Flake 49 86 1
Yttrium Sponge 730 10 25

Since the yttrium and other minor alloying elements shown previously
in Table 4 were added in concentrations of less than 1 weight percent, the
oxygen input from these sources amounts to only a few parts per million and
cannot account for the observed contamination. Sampling of the purified
argon showed a maximum oxygen. content of about 5ppm. In the furnace chamber
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with a volume of 95 cubic feet, the impurities in the argon could thus add
less than 15 ppm oxygen to the 4-pound alloy charges.

A number of other factors connected with melting and casting practice
were considered as potential sources of oxygen contamination. These are
listed below:

1. The arc hot-topping of the ingots immediately after casting.

2, Intermediate-temperature bake-out of the crucible and briquetted
charge at 1300 + 100°F under a vacuum of 10™* to 1072 torr.

3. Excessive superheat during the stirring cycle after adding re-
active solutes.

4, Contamination from the inert gas lines, which were blanked off
during leak rate determinations.

5. Increased reaction of the melt with the Y;0z-stabilized ZrOg
crucible due to the larger surface area-to=-volume ratio in the
smaller heats, or to an inherent instability in the particular
crucibles employed.

6. Reaction with the CaO-stabilized mold liner, which might be
accelerated by arc hot-topping.

7. Insufficient yttrium in the charge for complete deoxidation.

8. An undetected leak,or other source of oxygen, in the furnace
chamber.

A series of melts was designed to separate the effects of each of the
foregoing factors on the oxygen contents of the resultant ingots. Only
carbon~-free alloys were used in the sequence of heats to be described be-
low, since those alloys in the contaminated series which contained carbon
additions were partially deoxidized. In the first group of revised heats,
alloys which contained 0.3% Y in the briquetted charge were melted in the
50-pound furnace using crucibles and mold liners from the same lots em-
ployed in the contaminated series. The first four factors in the list
above ~-- arc hot~topping, vacuum bake-out, superheat, and the intreducticn
of argon -~- were varied in this group. As in the contaminated alloys,
samples for vacuum fusion analysis were taken from center locations at
depths of 3/8 * 1/8" from the surfaces. Specific variations in melting
practice and gaseous impurity contents of the ingots are shown in Table 7.

It is clear from these data that the major portion of the oxygen
contamination was caused by the intermediate-temperature (1200 - 1400°F)
bake~out of the crucible and briquetted charge which had been employed in
all of the contaminated series. Elimination of this step resulted in a
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four-to five-fold decrease in the oxygen content. Neither the degree of
superheat nor the introduction of argon appeared to influence the final
oxygen level, Some indication of improvement was noted in the heat in
which both the bake-out cycle and the arc hot-topping practice were dropped,
but the combined interstitial contents in each of these heats were still

50 to 100% above acceptable limits.

Results to this point indicated that the remaining oxygen contamin-
ation was due to interaction with the crucibles and molds or with the
furnace environment. In either case, the degree of contamination would
be expected to be considerably greater in the 4-pound heats used here
than in the larger heats of alloys melted in previous programs, most of
which were prepared from charges of 12 to 15 pounds. The larger surface
area-to-volume ratios in the smaller-diameter crucibles and mold liners
used here would magnify the effects of any reaction with the ZrQOy, and
the lower volume of molten metal exposed to the furnace atmosphere of a
given impurity level would also result in a greater impurity concentra-
tion in the ingot. On the other hand, oxygen pick-up from either one or
both of these possible sources might be reduced to acceptable levels by
increasing the yttrium content in the initial charge to promote further
deoxidation by slag formation. In order to separate these factors, a
second group of alloys were melted and cast in the 50-pound furnace used
in all Phase A work to this point and in a smaller lab furnace (NRC Model
2551) with a maximum capacity of 15 pounds and a chamber volume of 10
cubic feet. No intermediate-temperature bake-out was used and the ingots
were not arc hot-topped, Yttrium contents in the briquetted charges were
varied from 0.3 to 0.5%, and heats were cast into copper molds with and
without the CaO-stabilized Y303 mold liners. In addition to vacuum fusion
analysis for gas contents, the approximate yttrium and zirconium levels
of each heat were determined by comparing in x-ray emission the respective
intensities of Ky lines with those from similar chromium alloys of known
yttrium and zirconium contents. Since none of the alloys contained any
intentional zirconium addition, its concentration in the ingot is in-
dicative of the degree of interaction with ZrO; crucibles and/or liners.
Average results from cast samples taken at depths of 3/8 + 1/8" from top
and bottom surfaces of ingots in this series are presented in Table 8.
With the one exception noted, individual analyses varied from the averages
by no more than + 20%.

Although elimination of the arc hot-topping step and increasing the
yttrium content of the charges resulted in a further reduction in the oxygen
level of heats melted in the larger furnace, the results are still unsatis-
factory. Some interaction with the stabilized ZrO; crucibles has occurred
in each melting facility, but the important factor appears to be the fur-
nace environment itself, All of the alloys melted in the 15-pound furnace,
which has a chamber volume nearly 10 times smaller than that of the 50-pound
furnace, have combined interstitial impurity contents well below the limit
of 300 ppm. This smaller furnace is being used exclusively in replacing the
Phase A alloys which were contaminated in the initial series of melts.
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Each of the 4-pound heats cast directly into copper molds with no ceramic
liners contained solidification cracks. Those cast into ZrO; mold liners and
allowed to freeze without external hot-topping were free of these cracks, but
had shrinkage cavities which extended 2 inches or more below the surfaces.

In order to produce sound ingots of sufficient size for this program, it was
therefore necessary to increase the charge weight to 7 pounds, extend the depth
of the mold accordingly, and discard the portion of the ingot which contains
the pipe. Briquetted charges containing 0.4% Y are being melted under con-
ditions described previously, except,of course, that neither intermediate-
temperature bake-out treatments nor arc hot-topping techniques are employed.
The heats are cast through ZrO; tundishes into copper molds provided with

ZrOy liners, the upper 3" of which is of 1" wall thickness to delay freezing
in the hot top. At this writing, gas analyses of an additional 11 alloys pre-
pared in this manner are available. Combined gaseous impurity levels are in
the range 81 to 153 ppm and the individual concentrations of oxygen and nitro-
gen are below 100 ppm in each case,.

Microstructural characteristics which are representative of the three
general levels of purity produced in similar alloys by variations in the
melting practice are illustrated in Figure 4. The grossly contaminated alloys
in the initial series all contain numerous, rather massive oxide particles
such as those shown for the CI-6 composition in Figure 4A. Elimination of
the intermediate-temperature bake-out cycle reduced the oxygen content to
about 500 + 100 ppm, but this concentration is still considerably above the
solubility limit as shown by the example in Figure 4B. Structures of the
low-oxygen alloys are dependent on the residual yttrium content. Alloy CI-7A,
with a retained yttrium level of approximately .10%, is free of oxide parti-
cles and shows only isolated evidence of an intergranular phase. The CI-5B
alloy, which contains nearly twice as much yttrium, is structurally similar
to CI-7A in that oxide particles are virtually absent, but the grain-boundary
phase is much more pronounced. Although electron microprobe traces across
grain boundaries showed a significant but variable decrease in both chromium
(5 to 15%) and molybdenum (2 to 5%) compared to their concentrations in the
matrix, there was only very slight increase in yttrium intenstiy. Scans of
the entire spectrum of wave lengths emitted from such intergranular regions
were conducted on the premise that this phase could be based on some low-
melting metallic impurity, but only chromium, molybdenum and yttrium were
detected. It is presently hypothesized that this intergranular phase is
yttrium-rich, but that it was rapidly attacked by the light etching employed
in sample preparation. Experiments are being repeated both in the unetched
condition and after short-time air exposure of the specimens to convert any
yttrium in this phase to the oxide and thereby retain its distribution,

Finally, the data in Table 8 indicate that the retained yttrium contents
more nearly approach the intended values with initial charge additions of
0.4%. This concentration is employed in the series of alloys which are
currently being melted and processed to replace those which were contaminated
by the earlier melting practice.
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EXPERIMENTAL RESULTS - PHASE B

Data from a rather large number of arc-melted buttons from several
alloy systems are being generated in this phase of the program. The ul-
timate goal is to select the most effective of the approaches surveyed
here for incorporation in larger heats to be prepared in subsequent phases
of the study. Discussion of this work is arranged in terms of alloy
systems of generally increasing complexity, in the same order in which
they were presented earlier in Table 2. All the alloys in Phase B were
arc melted as 50 to 100 gram heats using tungsten electrodes, copper button
molds, and a helium atmosphere gettered prior to preparation of the buttons
by melting a titanium charge. Each alloy was melted a minimum of three
times to promote homogeneity.

Cr-W-V Alloys

At temperatures above 2000°F, W is one of the most effective solid-
solution strengthening additions which can be made to Cr. One of the reasons
that it has not received more emphasis in the first series of larger heats
is that the concentration of W in binary alloys is limited to about 5 &/5 by
the solid-state miscibility gap in the Cr-W system below 1800°F. Prior work
indicates that V has a relatively mild strengthening effect in binary alloys
with Cr, but that it increases the solubility of W in ternary alloys. Since
available data are too limited to establish the solvus with any degree of
accuracy, a series of alloys with 5, 7.5 and 10 8/5 W has been prepared with
V additions ranging from O to 20 2/5. The alloys were arc melted from iodide
Cr crystals and drop cast as 1/2" diameter cylinders. Sections from these castings
appeared to be single-phased after 2-hour annealing at 2500°F in hydrogen.
They are currently being aged for prolonged periods at 1650° and 1800°F, the
range in which W-rich solid solution is rejected from binary alloys.

Co Additions To Cr-Re And Cr-Ru

Concentrations of about 35 2/; Re and 20 2/5 Ru result in highly ductile
Cr alloys. Such compositions can be cold worked from the as-cast condition
and retain their ductility after exposure at elevated temperatures. As out-
lined in a preceding section, recent experiments have shown that Co additions
to Cr at levels of 25 to 30 a/o result in similar ductility improvements when
the alloys are supersaturated by chill casting or by quenching from an anneal-
ing temperature above 2500°F. However, since the solubility of Co drops rapidly
with decreasing temperature, these alloys are embrittled by sigma phase forma~
tion during aging in the temperature range of 1500° to 2000°F.
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The approach adopted in the present series was to add Co to Cr-Re and
Cr-Ru alloys in an attempt to decrease the amounts of Re or Ru required for
significant ductility improvements. The alloys were prepared from iodide
Cr crystals and Re, Co and Ru powders which were hydrogen treated at 2550°F
for 1/2 hour to deoxidize and then arc melted. The ternary alloys were first
melted as buttons and then drop cast into 1/2" diameter cylinders. Disks
approximately 0.1" thick were cut from the cylinders and rolled at room
temperature until excessive cracking occurred. Results of these rolling
experiments are illustrated on the diagrams of the Cr-rich corners of the
Cr-Re-Co and Cr-Ru-Co systems in Figures 5 and 6 respectively.

At the level of 11 2/o Re, the ductility shows a marked increase as
the Co content increases. Little improvement in workability is noted at
the lower Re content investigated. Similar behavior is observed in the Cr-
Ru-Co system, Increasing the Co level results in a continuous improvement
in cold rolling characteristics at the higher Ru content.

All the alloys shown in Figures 5 and 6 were single-phased in the as-
cast condition. However, after heat treatment at 2550°F for 1 hour and
then aging for 100 hours at 1650°F, precipitation of sigma phase occurred
in most of the alloys, Aged structures of the more highly alloyed Cr-Re-
Co compositions, those which in the cast condition exhibited the best cold
workability, are shown in Figure 7 and metallographic observations from the
entire series are summarized in Table 9. Based on these data, the tenta-
tive boundaries between the becc solid solutions and the two-phase regions
containing sigma are indicated on the ternary diagrams in Figures 5 and 6.
Results obtained to date indicate that Co can in fact be substituted for
relatively large protions of the Re and Ru required to promote cold work-
ability in cast Cr alloys. Thermal stability is impaired by such substitu-
tion, however, particularly at the higher Co levels. In order to complete
this work, a series of six alloys in the Cr-Re-Co system located near the
1650°F phase boundary is being prepared and will be evaluated in greater
detail.

Cr-Y Alloys With Dilute Re, Ru and Co Additions

Aside from the improvement of ductility in concentrated solutioms,
Re has been shown in prior work to have a beneficial effect on air oxida-
tion behavior of much more dilute Cr alloys containing Y. Since Ru and
Co are analogous to Re in other respects, the oxidation-nitridation re-
sistance of a series of Cr-Y alloys with relatively small additions of these
three elements was evaluated. The alloys were prepared from hydrogen-reduced
Cr flake and purified Re, Ru, and Co. The Cr was alloyed first with the Re,
Ru, or Co to insure homogeneity., These buttons were crushed to provide a
master alloy to which the Y was added. The alloys were first melted as
buttons and drop cast into 1/2" diameter cylinders. Disks approximately
0.1" thick were cut, ground through 600 grit paper, cleaned, and exposed
to air at 1500'F, 100 hours, 2100 F, 100 hours, and 2400 F for 24 hours.
Results are compiled in Table 10. 1In general, the combination of Y and Re
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results in improved oxidation-nitridation behavior., The Cr-Re-Y alloys
exhibited better oxide adherence and less nitridation than similar com-
positions with either Ru or Co,

Photomicrographs of the representative specimens are presented in
Figures 8 and 9. In none of the alloys was evidence of nitridation noted
after 100 hours at 1500°F. Structures in each instance were similar to
the as-cast structure. Alloys with 0.5 a/o Y contain second phase parti-
cles which are fairly uniformly distributed in an intergranular and inter-
dendritic array., This distribution,as discussed in conjunction with the
induction-melted heats in Phase A, suggests that the particles are Y-rich,
The alloys with 0.1 #/0 Y also contain a second phase or phases but in
greatly reduced quantity.

In the Cr-4Re~0.lY alloy, precipitation of nitride needles occurred
during oxidation at 2100° and 2400°F as shown in Figures 8A and 8B. The
nitridation resistance appeared to be better than that of a Cr-4Mo-.lY
alloy which will be discussed later. Nitridation resistance, particularly
at 2400°F, was improved as the Y content was increased to 0.5% as shown
in Figures 8C and 8D. Some agglomeration of the dispersed phase occurred
at the higher temperature. Increasing the Re to 8 3/0 resulted in a further
improvement in nitridation resistance as indicated in Figures 9A and 9B.
Again agglomeration of the second phase occurred at the higher test temper-~
ature, along with evidence of incipient melting.

The alloys with Ru and Co additions were much less resistant to air
oxidation than the Re-containing alloys. Extensive nitridation occurred
at 2400°F as shown in Figures 9C and 9D.

These results indicate that Re is beneficial with regard to nitrida-
tion resistance but that Ru and Co, at the 4 &/0 level, are detrimental.
Should any of the ternary Cr-Re-Co alloys exhibit a better balance of cold
workability and thermal stability in the compositions being prepared in
regions near the two~phase boundary, the air oxidation behavior of such
alloys will be established before making a decision to melt larger heats.

Cr-Y Alloys With Group IV A and V A Carbides

In order to provide the best possible combination of strength, ductility
and resistance to embrittlement during air oxidation in the design of dis-
persion-strengthened alloys in succeeding phases of the work, a critical
survey of the interactions between carbide-forming elements and nitridation-
inhibiting additions is being made in Phase B. Results from the first por-
tion of that survey are presented in this section. Each of the Group IV A
and Group V A metals were added at levels of 0.5 and 1.0 atomic percent to
base compositions of Cr, Cr-Y, and Cr-Y-C. The alloys were arc melted as
60~gram buttons, sheathed in mild steel and drop~forged at 2200 F to a 60%
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reduction in thickness. The alloys with reactive metal additions of 1.0 atomic
percent were rolled to .070 + .010" strip at 2100° - 1900°F, using initial
reductions of 20% per pass at the higher temperature and finishing with 10%
reductions at 1900°F.

Air oxidation tests were conducted at 2100°F on wrought samples of the
entire series. Effects of oxidation on the lower-temperature mechanical pro-
perties of representative alloys with reactive metal additions of 1.0 atomic
percent were compared by bend tests on sheet specimens. The as-rolled strip
was cut into coupons, ground to remove surface defects and any interaction
with the sheating material, annealed for one hour at 2000°F in vacuum of 10°°
torr, and electropolished at a current density of about 1 amp/inz in a 10% per-
chloric -90% acetic acid electrolyte maintained at or below 50°F. One sample
was tested in this condition. Additional specimens were oxidized in static
air for 100 hours at 2100°F and, if sufficient material was available, at 1500°F.
The latter oxidation temperature was included since prior work has shown signi-
ficant embrittlement of similar Cr alloys during air exposure at 1200° - 1600°F,
even in compositions which have high resistance to nitridation at 2000°F and
above. Bend tests were made in an Instron machine at a ram speed of .05 ipm
using a die radius of 4T where T is the sheet thickness. Ductile-brittle transi-
tion temperatures (DBTT) were approximated by a single-specimen testing technique
in which the sample was bent through an angle of 15° at the intital test temper-
ature, then through additional bends of 15° at successively lower temperatures
until fracture occurred. In the rolled and annealed condition, initial tests
were made at 400°F and the temperature was lowered in decrements of 50° - 100°F.
Tests of oxidized specimens were started at 800°F and decrements of 100° - 200°F
were employed. The DBTT is here defined as the lowest temperature at which
the specimen underwent a 15° bend without fracture. Values of the load at de-
parture from linearity on automatically recorded load-time curves at the initial
test temperature were used in the determination of flow stresses, which of course
should not be considered as accurate measures of the proportional limit.

Results of 2100°F oxidation tests of the entire series are shown in
Table 11 and mechanical properties of representative alloys are summarized in
Table 12. Rather marked differences in both oxidation and mechanical behavior
are observed between those alloys containing additions of Group IV A metals
(Ti, Zr, and Hf) and those with solutes from Group V A (V, Cb and Ta). Each of
the elements in binary alloys with Cr at the level of 0.5 atomic percent results
in an increase in the oxidation rate over that of the unalloyed metal at 2100°F.
However, small additions of Y to the alloys with Group IV A solutes are very
effective in reducing oxidation, whereas Y is relatively ineffective when added
to binary alloys with V, Cb, or Ta. The same trends are observed in similar
alloys with C. Even without Y, the alloys with ZrC and HfC exhibit weight-gain
values considerably below those with the other four carbides. Additions of Y
in general result in lower oxidation rates in those compositions which contain

carbides based on the Group IV A metals. The alloys with VC are an exception to this
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trend, in that quite low weight gain values are obtained in the presence of
Y, particularly at the higher nominal concentration of 0.2 atomic percent.
It should also be noted that the alloys with carbides based on Group IV A
metals have somewhat lower rates of oxidation at the higher metal-to-carbon
ratlo, while the reverse appears to be the case for those with carbides of
V, Cb and Ta.

Differences in low-temperature mechanical properties and in the effects
of oxidation on ductility, which are summarized in Table 12, are also pro-
nounced, Alloys with TiC, CbC and TaC have considerably higher strengths
and somewhat higher DBTT values in the rolled and annealed condition.

Air exposure at 1500° and 2100°F results in a sharp decrease in ductility,
particularly in the case of the CbC and TaC alloys. The compositions which
contain ZrC, HfC and VC are ductile near or below room temperature and the
former two types exhibit much better retention of ductility after air ox-
idation, DBTT values of 200° to 400°F were measured in oxidized Cr-Y-C alloys
with Zr or Hf, compared to greater than 800°F in similar composigions con-
taining Cb or Ta,

Some of the factors which are involved in the differences in both
mechanical and oxidation behavior can be illustrated by the photomicro-
graphs in Figure 10, Carbides in the alloys with Zr, which are typical
in this respect of those with Hf, are rather coarse and widely spaced. This
morphology results from the restricted solubility of Zr and Hf in Cr, Car-
bides are formed as grain boundary networks during solidification. These
intergranular carbides are fragmented during processing, but are not appreci-
ably altered by heat treatment. Such a coarse distribution does not have
a large effect on either strength or ductility in the rolled and annealed
condition, The particles are also too widely spaced to influence reaction
during air exposure. Note in Figure 10A that only those few particles°
which intersect the surface appear to be affected by oxidation at 13500 F.

At the higher oxidation temperature, the large carbides act as sinks for
the gaseous contaminants as shown in Figure 10B, and no surface or inter-
granular nitrides are formed.

Carbides in the alloys with Cb or Ta additions are present in the
form of fine, uniform dispersions which are much more effective in increasing
the strength and result in somewhat lower ductility in the rolled and heat
treated condition,. The further losses in ductility during intermediate-
temperature in exposure are probably related to additional precipitation
of interstitials, both from the matrix and from inward diffusion of oxygen
or nitrogen, and a resultant interaction with the dislocation array. Al-
though essentially no subsurface hardening was observed at 1500°F in the
Cr-Y alloys with ZrC or HfC additions, those containing Cb or Ta were
hardened by 25-50 DPH to depths of 4 to 6 mils. Oxidation at the higher
temperature results in accelerated reaction of alloys with CbC or TaC dis-
persions. The particles are closely enough spaced that they present a
semi-continuous oxidation front. They are rapidly saturated by the gaseous
contaminants, and both surface and intergranular nitrides are formed as
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illustrated in Figure 10D. Even in the absence of C, additions of Cb and
Ta appear to at least partially negate the beneficial effects of Y on ox=-
idation behavior, as indicated by the weight gain data in Table 11, As
noted previously, this is not the case with solutes from Group IV A,

Alloys with VC appear to have the poor features of each type discussed
above, without the attractive properties of either. A relatively fine dis-
persion is formed during cooling from high temperatures, but the thermal
stability is quite low. Rapid agglomeration occurs upon heat treatment at
temperatures as low as 2000°F, Although the ductility of the alloys with
V is good, their strengths are not greatly different than those of a Cr-

Y binary and they are severely embrittled by oxidation at 2100°F. Structures
of the alloys with TiC are similar to those with CbC in that a fine dis-
persion is formed. Embrittiement due to oxidation is not as great, however,
since Ti additions, unlike those of Group V A solutes, do not interfere

with the effects of Y.

Based on this survey, the choice of a combination of Zr and Ti as the
"standard" carbide-stabilizing addition in the initial phases of Task I
appears to be justified. Superior strengths, however, can be attained
with Cb~-rich or Ta-rich carbides, It is possible that embrittlement of such
alloys can be minimized by the identification of an element which provides
more effective resistance to oxidation and nitridation than does Y. Results
of the initial study of this factor are presented in the following section.

Alternate Nitridation-Inhibitors In Cr-4Mo Alloys

In this group of alloys, several reactive metals were evaluated with
respect to their effect on the nitridation resistance of the standard
Cr-4Mo matrix, Since they closely resemble Y, emphasis was placed on the
lighter rare earths from the lanthanide and actinide series, including
mischmetal which is a naturally occurring mixture of the lighter elements
in the former series. Additons of Be from Group II A were also investigated.
The alloys were prepared from hydrogen-reduced Cr flake., A master alloy
of Cr~-4Mo was first arc melted as 100-gram buttons which were crushed and
blended. The reactive additions were then added at levels of 0.1 and 0.5
atomic percent by arc melting and drop casting into 1/2" diameter cylinders.

Oxidation tests were conducted in static air at 1500°, 2100° and 2400°F,
The weight change data are recorded in Table 13. Comparison of the total
and net weight change values gives a good indication of the oxide adherence.
In addition to considerable spalling at 2400°F in most of the alloys with
reactive solute concentrations of 0.1 atomic percent, there was also evidence
of volatile reaction products, particularly is the Cr-Mo and Cr-Mo-Be alloys.
This behavior probably reflects formation of the volatile oxide CrO;, as
has beeg noted in a number of previous investigations.at temperatures as low
as 2150 F.
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A summary of metallographic observations and hardness measurements
of the oxidized specimens is presented in Table 14. No nitriding was
detected after 1500°F exposure. In general, the alloys which exhibit
a high degree of oxide adherence are also quite resistant to nitridation
at the higher temperatures. Additions of La and Pr are more effective
than Y in improving the air oxidation resistance of the Cr-4Mo base,
and additions of mischmetal are at least equivalent, Photomicrographs
of representative specimens are shown in Figures 11 and 12, The Cr-4Mo
alloy is extensively nitrided at both 2100° and 2400°F. Addition of Y
at the level of 0.1 atomic percent prevents the formation of continuous
surface nitride layers, but as shown in 11C and 11D, some intergranular
nitridation and precipitation of nitride needles within the grains is
still observed at each temperature. Increasing the Y content to 0.5 atomic
percent results in a further increase in nitridation resistance, Inter-
granular nitridation is virtually eliminated at 2400°F but, as shown in
Figure 12A, there are some nitride needles evident and incipient melting
occurs at this temperature. The same melting behavior was also noted at
this concentration of Y in Cr alloys with Re, Ru, and Co as illustrated
earlier in Figure 8. The eutectic temperature of such Cr-rich alloys
with Y is thus below 2400°F and the terminal solubility of Y at the
eutectic is well below 0.5 atomic percent. In fact, the cast structure
of the induction-melted Cr-W-Y alloy in Figure 4D suggests that the
eutectic solubility may be below 0.2 atomic percent,

Structures of the alloys with the three most effective rare-earth
solutes are shown in Figures 12B through 12D. The alloy with the higher
concentration of mischmetal, which consists of 50% Ce plus approximately
25% La, 15% Nd and 10% Pr by weight, exhibits very slight intergranular
attack, Additions of 0.5 atomic percent lanthanum or praseodymium to
the Cr-4Mo alloy completely prevent nitridation in 24-hour air exposure
at 2400°F. Some minor agglomeration of the second phase, which is pre-
sumed to be rich in the rare earth metal, is ‘observed in the alloys with
Pr and mischmetal additions, but the Cr-Mo-La alloy is virtually un-
changed from the as-cast condition. No evidence of incipient melting
at 2400°F was detected in any of the three alloys.

Since Y additions appear to be limited to about 0.2 atomic percent
or below by eutectic melting, more complex carbide-containing alloys
are being prepared with La and Pr replacing Y as the nitridation-inhibitor.

CONCLUSIONS

1. Revisions in induction melting and casting techniques have con-
sistently yielded ingots with total oxygen plus nitrogen contents below
150 ppm. The major factor in the oxygen contamination of the initial group
of alloys was a bake-out treatment of the crucible and charge at 1200° -
1400°F under vacuua of 10°% to 10”2 torr.
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2, Cold workability can be attained in single-phase Cr-Re-~Co and
Cr-Ru-Co alloys. Although intermediate-temperature aging results in
sigma phase formation in many such alloys, the results have indicated
promising compositional areas for further study.

3. The air oxidation resistance of Cr-Y alloys with relatively
small concentrations of Re is superior to that of similar alloys with
either Ru or Co.

4, Dilute Cr-Y alloys with ZrC and HfC dispersions are ductile in
bending at room temperature and are more resistant to embrittlement by
air oxidation than alloys containing carbides of V, Ti, Cb or Ta, Car-
bides formed by the latter three elements, however, are much more finely
dispersed and warrant further consideration.

5. Additions of 0.5 atomic percent La or Pr are much more effective
than an equivalent level of Y in preventing nitridation of a Cr-4Mo base
in air oxidation at 2400°F, and do not appear to result in incipient
melting as does Y at this concentration. *

Materials Development Laboratory
General Electric Company
Evendale, Ohio, October 25, 1965
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TABLE 2

Designat

CIl-1

CIi-2

CI-3

CIi-4

CI-5

CIi-6

CI-7

CI-8

CIi-9

CI-10
CI-1l1
CI-12
CI-13
CIl-14
Ci-15
CIi-l6
CI-17
CI-18
CI-19
CI-20
CIi-21
CIl-22
CI-23
CI-24
CI-25
CI-26
CcI-27
CI-28
Ci-29
CI-30
CI-31
CI-32
CI-33
CIl-34
CI-35
CI-36
CI-37
CI-38
CI-39
CA-1

CA-2

COMPOSITIONS OF CHROMIUM ALLOYS
PHASE A - TASK 1

iona Composition (Atomic %)
Cr-.1Y
Cr-.2Y
Cr-.1Y-.05Hf~-.03Th
Cr-4Mo-.1Y
Cr-6Mo-.1Y
Cr-8Mo-.1Y
Cr—-4w-.1Y
Cr-6W-.1Y
Cr-4Mo-2W-.1Y
Cr—-6Mo-2W-.1Y
Cr-4v-.1Y
Cr-10V-.1Y
Cr-20V-.1Y
Cr-10v-4Mo-.1Y
Cr-10vVv-4w-.1Y
Cr-4Re-.1lY
Cr-4Co~.1lY
Cr-8Co-.1Y
Cr-.05Y-.4Zr~.2Ti-.4C
Cr-.1Y~-.4Zr-.2Ti~.4C
Cr-.05Y-.3Hf~-.32r-.4C
Cr-.05Y~-.4Zr-.2Ti-.4B
Cr-.05Y-.3Hf-.32r-.4B
Cr-.05Y-.4Ta~-.2Zr-.4B
Cr-4Mo-.05Y~.4Zr~.2Ti
Cr-4Mo-.1Y~-.4Zr-.2Ti
Cr-4Mo-.1Y-.3Hf -, 3Zr
Cr-4Mo-.1Y-.05Hf-.03Th
Cr-4Mo-.05Y-.4Zr-.2Ti-.4C
Cr-4Mo-.1Y-.4Zr-.2Ti~.4C
Cr-4Mo-.05Y-. 5Zr-.25Ti-.4C
Cr-4Mo-,05Y-.3Zr-.15Ti-.4C
Cr-4Mo-.05Y-.6Ti-.4C
Cr-4Mo-.05Y-.6Zr-.4C
Cr-4Mo-.05Y-.6Hf-.4C
Cr-4Mo-.05Y-. 6Cb-. 4C
Cr-4Mo~,05Y-.3Hf ~-. 3Zr-.4C
Cr-4Mo-.05Y~.6Zr-.3Ti-.6C
Cr-6Mo-.05Y-,2Zr-.1Ti~-.2C
Unalloyed Cr
Cr-35Re

81 - Cast, Induction Melted
CA - Cast, Arc Melted
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TABLE 6
IMPURITY ANALYSIS OF REPRESENTATIVE PHASE A ALLOYS

Interstitial Content (ppm) a

Alloy Nominal Composition (At.%) _0 N [ H_
CI-1 Cr-.1Y 3090 78 20 3
CI-2 Cr-.2Y 2420 98 45 12
CI-4 Cr-4Mo-.1Y 2210 59 70 11
CIi-6 Cr-8Mo-.1Y 2020 50 75 6
CI-7 Cr-4w-,1Y 2160 61 35 6
CI1-9 Cr—-4Mo-2W-.1Y 1630 71 30 4
CI-11 Cr-4v-.1Y 2490 76 70 5
CI-19 Cr-.05Y-.4%Zr-.2Ti-.4C 910 56 750 7
CI1-20 Cr-.1Y-.4Zr-.2Ti-.4C 710 68 750 4
CIl-21 Cr-.,05Y-.3Hf-,3Zr-.4C 820 56 600 5
CI-25 Cr-4Mo-.05Y-,4Zr-,2Ti 1830 64 40 4

aResidual yttrium level of each alloy less than
.06% by weight (the limit of detection by quanti-
tative x-ray emission)

27



L

H

G8

06

¥9

S9

S

N

06¢€

¢cS

L86G

c8%

0£2%
0

(udd) juajuo) sedh

*8utddo3-30y OJE ON ‘UNNDOBA JI9pun aTd4d
Surjesy ‘eanjeiadweo) Woox 38 passeding

‘paddoj-q0y 2ay *%0C pPoINpad
reayaadng ‘-uwnnoeA Japun 91940 Jurleay
oXtug ‘aanjegsdwa) woox 3B passedinp

‘paddojl~30y oay ‘%0C poonpad
jeayradng ‘uo3ae Jaapun 91040 Jurjeaq

aatjuy ‘aanjeradwal woox 3e passe3ing

‘paddoj-304
o4y ‘aanjeradwa)l woox 3e passeding

*3utrddoj-30y oae ou ‘jnosyeq J,00€T1

saTqeIIeA SurlIoN

JOVNYNL ANNOd-0S NI JALTIN SIVAH dISIATY

L HT9VL

v8-10

ve-10

Vi2-10

v92-10

vee-10

LoT1Vv

28




‘29 Jo soniea papId1L sosfTeur 93evOTITdII]

*us8fixo wdd ZgI pue ‘cIg

q

‘UOTSSTWD LvJI-X dAT3elT3uenb-1mas Eon&d

L0’ S1°® L 9L 3% ¥°0 puncg-gi Loxz L v6-10
S0° ot1" IT 69 6% ¥°0 punod-¢1 %01z L VL-10
60° 61" 9 3L ¥¢ S°0 punod-g T n) {7 a5-10
Y0°> 90°> L €€T1 LE €°0 punod-S1  %0az i Vr-10
90° LT 8 85 0LT S°0 punod-0¢  %0az L g9-10
90° PT” 8 ¢bv ez S 0 punog-0% ny {4 v9-10
80" 90> 9 S8 06¢ €°0 punog-oz  %0az 72 v8-10
Iz X H N 0 (% 3M) @33enbrag 9d'ruInNg  PIOW  (9T) 9ZIS  AOT1V
mﬁ& M) SisdAteuy ‘xoaddy (udd) jusajuo) sEH UT WnTI}IA IesH

ALTYNd AOTIV WIATWOHHO
NO SHTAVIYVA ONILSYVD ANV ADVNUAJA 40 SLOTIAT

8 dI9VL




TABLE 9

COMPOSITIONS AND METALLOGRAPHIC OBSERVATIONS
IN CR-RE-CO AND CR-RU-CO ALLOYS

Metallog;aphic Observations Aggd 100 Hrs. at 1650°F

Composition (At. %) Microhardness
Co Re, Ru Structure DPH, 1Kg Load
5.6 10.9 Re Single Phase 462

11.5 11.0 Re Slight Ppt. 591
5.2 6.7 Re Single Phase 443
10.5 6.7 Re Slight Ppt. 584
17.2 11.0 Re Approx. 50% sigma 804
23.1 11.1 Re Approx. 80% sigma 957
9.7 8.5 Ru Approx. 10% sigma 504
14,5 8.5 Ru Approx. 40% sigma 674
4.8 8.4 Ru Single Phase 434
4.5 5.5 Ru Single Phase 426
9.5 5.5 Ru Slight Ppt. 514

30




TABLE 10

OXIDATION DATA FROM CR-Y ALLOYS
WITH RE, RU AND CO ADDITIONS

Wt. Change Data (mg/cme)a

Nominal 2100 F, 100 Hrs. 2400 F, 24 Hrs.
Composition (At. %)  1500°F, 100 Hrs, Total  Net Total Net
4Re, 0.1Y 0.84 3.63 3.59 4.3 3.8
4Re, 0.5Y 0.87 3.87 3.83 2.05 1.63
8Re, 0.1Y 1.61 6.22 6.06 11.1 9.8
8Re, 0.5Y 0.76 0.87 0.79 1.2 0.53
4Ru, 0.1Y 0.60 4.02 3.26 2.17  -14.5
4Ru, 0.5Y 1.15 4.97 4.73 6.67 1.21
4Co, 0.1Y 0.65 1.17  -3,56 0.84  -15.0
4Co, 0.5Y 1.07 5.28 4.75 8.15 2.2

2Net weight change denotes the total weight gain
less the weight of the loose oxide.
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TABLE 11

EFFECTS OF SOLUTES FROM GROUPS IV A AND V A
ON THE AIR OXIDATION OF CR-Y-C ALLOYS

Nominal Composition

(At. %)

Cr-.5M
Cr-.5M-.1Y
Cr-.5M-.2Y
Cr-,5M-.4C
Cr-.5M-.4C-.1Y
Cr-.5M-.,4C-.2Y
Cr-1M-.4C
Cr-1M-.4C-.1Y
Cr-1M-.4C-.2Y

100-Hour Weight Gain (mg/cma)

=Ty

18.9
2.7
2.3

14.2
4.6
4.8

11.9
2.5
2.3

Zr

13.3
1.4
2.5
4.6
3.0
2.9
3.7
3.0
2.2

Hf

16.1

2.8
1.9
8.2
5.7
4.0
6.6
2.3
3.4

\'s

12.8
13.1

3.0
1.8
10.2
8.4
2.3

at 2100°F2

cb Ta
22.3 19.3
12.2 14.2
11.3 11.4
20.8 17.8
18.1 12.9
10.0 13.3
33.1 -
24.5 13.9
12.5 -

aThe 100-hour weight gains of unalloyed Cr and
Cr-.1Y are 12.7 and 2.0 mg/cm?, respectively,
at 2100°F.
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STRESS, 1000 PS|
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(TESTED IN HELIUM)
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Figure 1,

Stress-Rupture Properties of Wrought, Carbide-Strengthened

Chromium Alloys. (Compositions in Weight Percent)
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Figure 2 Stress-Rupture Properties of Wrought Chromium Alloys
Tested in Helium Atmosphere. (Compositions in Weight Percent)
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Figure 3 Tensile Properties of Chromium Alloy C-207F




L2955 250X

A. Alloy CI-6 (.202% Oy, <.06% Y)

L3784 1000X

C. Alloy CI-7A (.0029% Oy, .10% Y)

L3781 1000X

B. Alloy CI-5A (.0522% Oy, <.06% Y)

L3780 1000X

D. Alloy CI-5B (.0034% Oy, .19% Y)

Figure 4. Cast structures of induction-melted Cr alloys at
indicated oxygen and yttrium levels (weight %).
Etched 10% oxalic acid.



Figure 5. Cold workability of drop cast Cr-Re-Co alloys with
compositions shown in atomic %. Tentative phase

o
boundary at 1650 F.




Figure 6,

Cold workability of dr

alloys with compositio

op
ns

cast Cr-Ru—-Co

shown in atomic

%. Tentative phase boundary at 1650°F.




5794 250X

A. Cr-11Re-17.2Co alloy. Approx. 50% sigma

A (0O

N o

B. Cr-11Re-23.1Co alloy. Approx. 80% sigma

Figure 7. Effect of 100-hour aging at 1650°F on the
structure of Cr-Re—Co alloys at indicated

atomic concentration. Etched 10% oxalic
acid.



6377 100X 6378 100X

A. Cr-4Re-.1Y, 100 hours at 2100°F B. Cr-4Re-.lY, 24 hours at 2400°F

6379 100X 6380 100X

C. Cr-4Re-.5Y, 100 hours at 2100°F D. Cr-4Re-.5Y, 24 hours at 2400°F

Figure 8. Air oxidation effects on Cr-Re-Y alloys at
indicated atomic concentrations. Etched
10% oxalic acid.




6381 100X 6382 100X

A. Cr-8Re-.5Y, 100 hours at 2100°F B. Cr-8Re-.5Y, 24 hours at 2400°F

6383 100X 6384 100X

C. Cr-4Ru-.5Y, 24 hours at 2400°F D. Cr-4Co-.5Y, 24 hours at 2400°F

Figure 9., Air oxidation of Cr-,5Y alloys with Re, Ru and Co
additions (all atomic %). Etched 10% oxalic acid.



3871 1000X 3698 1000X

A. Cr-1Zr-.4C-.1Y at 1500°F B. Cr-1Zr-.4C-.1Y at 2100°F

2546 1000X 3838 1000X
C. Cr-1Cb.4C-.1lY at 1500°F D. Cr-1Cb-.4C-.1lY at 2100°F
Figure 10. Dilute Cr-Y alloys containing ZrC and CbC dispersions

after 100-hour air oxidation at indicated temperatures.
Nominal compositions in atomic %. Etched in Kromic acid.




6366 100X

A. Cr-4Mo, 100 hours at 2100°F

Dot
. 5 2 s Y

80 e = .':-'. "r/—‘\\/
T
N

6368 100X

C. Cr-4Mo-.lY, 100 hours at 2100°F

Figure 11.
of Cr-4Mo.

6367 100X

B. Cr-4Mo, 24 hours at 2400°F

L oo

6369 100X

D. Cr-4Mo-.1Y, 24 hours at 2400°F

Effects of 0.1 /o0 Y addition on the air oxidation
Etched 10% oxalic acid.



6371 100X 6373 100X

A. Cr-4Mo-.5Y B. Cr-4Mo-.35La

6375 100X 6376 100X
C. Cr-4Mo-.5Pr D. Cr-4Mo-.5 Mischmetal
Figure 12, Cr-4Mo alloys with 0.5 atomic % additions of Y,

La, Pr and Mischmetal after 24-hour air oxidation
at 2400°F. Etched 10% oxalic acid.




